Karate has evolved from a traditional martial art into a modern-day global sport [7] , which explains its two predominant features today: karate is both a "traditional" practice for self-defence and a "modern" sport with preparation for competitive sparring as the main objective.
which generally includes a variety of training modalities over the training sessions [5] . More often than not, these modalities are: tacticaltechnical training sessions (TT), technical-development training sessions (TD), and randori training sessions (i.e., free karate sparring).
Imamura et al. [18] and the ratings of perceived exertion (RPE) but only during traditional karate exercises (i.e., non-competitive karate exercises including basic techniques with or without movements, sparring techniques with or without an opponent, and kata: pre-established sequences of defensive and offensive techniques and movements). Their study [18] showed that male karatekas usually reach 47. 4 [La - ] less than 3 mmol · L -1 and RPE between 12.6 ± 0.8 and 14.3 ± 1.4, whatever the traditional karate exercise. However, no study to the best of our knowledge has investigated the physiological responses and RPE across the modern karate training modalities (i.e., TT, TD and randori).
During an international karate competition, each country is represented by only one karateka in each weight category [30] , and thus selecting the best athlete is not always easy for the coach.
Recently, Casolino et al. [6] reported that the [La - ] accumulation and RPE of taekwondo practitioners, as measured in various training modalities during one week of a training camp, could be used to discriminate the best athletes, with lower values for the international taekwondo practitioners. The authors thus concluded that selecting the best athlete should take into consideration the physiological and perceptual responses [6] . However, the physiological responses and RPE of karatekas with national and international levels have never been compared.
Many women practice modern karate (i.e., competitive karate), but coaches do not separate them from men during the training sessions [3] .
Moreover, the data on the physiological responses to traditional karate mostly concern men. Only two studies [12, 25] have investigated both male and female karatekas, but the first study did not report the results separately [25] and the second study included only three women [12] . Furthermore, these two studies [12, 25] investigated traditional karate, not modern karate (i.e., competitive karate).
The aim of the present study was thus to examine the influence of karate practice level and sex on physiological and perceptual responses in three modern karate training modalities (i.e., TT, TD and randori).
MAtErIALS And MEtHodS
Subjects. Eighteen black-belt karate practitioners volunteered to take part in this study. Nine karatekas (4 women and 5 men) were at a national level and nine karatekas (4 women and 5 men) were at an international level (Table 1) . Two karatekas represented each weight category (i.e., 1 male and 1 female in each weight category).
All had been training at least seven times per week for at least three years (excluding the off-season periods).
Prior to the study, all karatekas provided written informed consent concerning the investigation purposes and procedures. Effort perception was expressed using Borg's Category Ratio-10 (CR-10), which was recently validated in French by Haddad et al. [16] .
This scale compris es 11 numerical ratings (between 0 and 10) associated with verbal cues, from "0 = no exertion" to "10 = maximal."
The karateka was asked, "How was your workout?"
Procedures
Before the first training session, anthropomet ric data were recorded (height, body mass, percentage of body fat Randori included an individual, free 15-min warm-up period.
After the warm-up, seven repetitions of 3-min free karate sparring bouts separated by 2-min passive recovery periods were performed.
This training modality ended with simulated karate sparring, 2 min for women and 3 min for men. National-level karatekas served as sparring partners during randori sessions.
All of the athletes followed the same training sessions during the camp. Thus, the intensity of exercises was the same regarding the subgroups (levels and sexes roni post-hoc test was used to identify the significant differences.
The magnitude of these differences was assessed by effect sizes (η 2 ).
Statistical significance was set at P < 0.05 and all analyses were performed with the Statistical Package for the Social Sciences (release 20.0, Chicago, IL, USA).
rESuLtS
A main effect of sex was found for height (P = 0.012; η 2 = 0.37), body mass (P = 0.021; η 2 = 0.32), body fat (P < 0.001; η 2 = 0.82) and · VO 2 max (P < 0.001; η 2 = 0.82; Table 1 ). HR was higher in women than in men (P = 0.023; η 2 = 0.32; Table 2 ). Moreover, HR during TD was lower than that measured during both TT and randori (P < 0.001; η 2 = 0.91; Table 2 ).
HR during TT was also lower in comparison with during randori (P < 0.001; η 2 = 0.90; Table 2 ). In addition, interaction effects were noted between sex and training modality (P = 0.014; η 2 = 0.27; Table 2 ).
Lower [La-] values were found in karatekas at an international level compared with those at a national level (P < 0.001; η 2 = 0.76; Table 3 ). A main effect of training modality (P < 0.001; η 2 = 0.90) was also noted, with lower [La-] in TD compared with TT and randori, as well as lower [La-] in TT compared with randori (P < 0.001; Table 3 ).
Significantly lower RPEs were reported in karatekas at an international level compared with those at a national level (P = 0.019; η 2 = 0.33; Table 4 ). RPEs were significantly lower in TD compared with both TT and randori (P < 0.001; η 2 = 0.84), and in TT compared with randori (P < 0.001; Table 4 ). Furthermore, interaction effects of sex and training modality were also observed (P = 0.012; η 2 = 0.27; Table 4 ).
dIScuSSIon
The aim of the present study was to examine the influence of karate practice level and sex on the physiological and perceptual responses in three modern karate training modalities (i.e., TT, TD and randori). The main results showed that HR was significantly higher in women than in men (whatever the practice level or training modality 9.9 ± 2.9
Legend: b -TT is significantly different from TD; c -TT is significantly different from randori; d -TD is significantly different from randori; i -Karatekas at national level are significantly different from karatekas at international level. higher values for female karatekas [19] than their male counterparts [18] during traditional karate exercises. These results are unsurprising, as it has been well established that cardiac output for the same submaximal exercise is similar in men and women [22, 29] .
tAbLE 4. RATING OF PERCEIVED EXERTION (RPE) DURING TECHNICAL-TACTICAL (TT), TECHNICAL-DEVELOPMENT (TD), AND RANDORI TRAINING SESSIONS IN MALE AND FEMALE KARATEKAS AT NATIONAL AND INTERNATIONAL LEVELS
However, as men have higher stroke volume (because of higher left ventricle and blood volume), women compensate with higher HR [22, 29] . On the other hand, HRmax is generally the same in both sexes [22, 29] . Consequently, as HRmax is not influenced by sex and HR is higher in women for the same submaximal exercise, it was logical to find a higher percentage of HRmax in the women of the present study compared with that of the men.
Moreover, the percentage of HRmax was significantly higher during randori (73.9 ± 4.6% HRmax) compared with both TT and TD (67.8 ± 4.6 vs 62.8 ± 4.4% HRmax, respectively; Table 2) regardless of practice level or sex. Also, although the highest percentage of HRmax was found during randori (i.e., free karate sparring), these values were still under the values observed in previous studies [12, 17] . Indeed, Iide et al. [17] reported a percentage of HRmax equal to 85.2 ± 6.5% and 93.2 ± 4.4% during 2-and 3-min bouts of simulated karate sparring, respectively. However, this study included both adults and children, and the latter are known to have slightly higher submaximal HR [28] . Nevertheless, it is not certain that this slightly higher submaximal HR in children explains the discrepancy with our results because children also have higher HRmax, which would reduce the difference between adults and children when HR is expressed in percentage of HRmax. Moreover, Doria et al. [12] reported higher HRmax (compared with the current study) during simulated karate sparring in adult karatekas at an international level (i.e., 97 ± 6 vs 92 ± 2% HRmax for women and men, respectively).
Although this result from Doria et al. [12] is very interesting, it is nevertheless difficult to draw any conclusions because of the small sample size (only three karatekas from both sexes). Further studies must be conducted to confirm and explain this finding.
Whatever the karate training modality, muscular contractions occur due to the liberation of energy. This energy is generated in cells from adenosine triphosphate (ATP) through a combination of three metabolic pathways: the ATP-phosphocreatine system, the glycolytic system, and the oxidative system [22, 29] . The first two systems can operate in the absence of oxygen and are termed the anaerobic alactic and lactic metabolisms, respectively. However, anaerobic alactic metabolism has a limited capacity (only a few seconds) to generate ATP for energy [22, 29] . Consequently, when exercise lasts more than a few seconds, anaerobic lactic metabolism becomes the major pathway.
This metabolism requires numerous enzymatic reactions for the breakdown of glycogen into pyruvic acid, which is then converted to lactic acid (without oxygen) [22, 29] , which is in turn dissociated into hydrogen and lactate ions. As a portion of the lactate ions can be used Table 3 ). In taekwondo, it was shown that the athletes selected for the national team had lower [La - ] than their non-selected counterparts [6] . This difference suggests that the contribution of the anaerobic lactic metabolism was higher in the athletes at national level than in the athletes at international level. As previously indicated, anaerobic lactic metabolism generates not only lactate but also hydrogen ions, which decrease the blood pH. This disturbance in acid-base balance may impair the capacity of muscles to generate ATP, reduce muscle contractility, and thus generate fatigue [22, 29] .
Consequently, as [ ) than during the other training modalities (i.e., 9.7 ± 1.7 mmol · L -1 during TT and 6.6 ± 1.4 mmol · L -1 during TD; Table 3) and slightly higher than those noted by Arriaza [2] . This result suggests that the karatekas of the present study were fully engaged during randori, as if they were participating in an official competition.
Randori thus seems to be an effective means to reproduce official karate sparring.
According to Noble and Robertson [23] and more recently
Coquart [11] , RPE can be used to compare the physical fitness of two athletes. Indeed, for the same given training session, the athlete reporting the lower RPE (e.g., an athlete rating RPE = 5, which is "hard" vs an athlete rating RPE = 7, which is "very hard") will be the more physically fit (i.e., the athlete rating RPE = 5). In the present study, RPE was significantly lower in international-level karatekas (RPE = 3.6 ± 1.2) compared with those at national level (RPE = 4.3 ± 1.5; Table 4 ), regardless of sex or training modality, and we therefore confirm that RPE can be used to help to select the best athlete.
Accordingly, Casolino et al. [6] ]/RPE ratio may be used to help detect overreaching or overtraining [11] . For example, Snyder et al. [26] found that this ratio (multiplied by 100) was decreased (for the same workload) after [24] and, in a recent review, Chaabene et al. [7] confirmed that · VO 2 max does not seem to be influenced by the karate practice level. However, these same authors [8] recently showed that the time to exhaustion during a karate-specific aerobic test was significantly shorter in regional-level karatekas (841 ± 134 s) than in national-level karatekas (1032 ± 101 s). This result highlights the importance of using a karatespecific test to differentiate between practice levels rather than a graded exercise test on a treadmill, as proposed in the present study or by Ravier et al. [24] .
As expected, women had a significantly higher body fat percentage than men. The values in male karatekas at international level (7.2 ± 0.7%; Conflict of interest: none declared.
